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THE  AERODYNAMIC  PROPERTIES  OP  THE  SHELL  MIOL  FROM 

FREE  FLIGHT  RANGE  TESTS  OF  FULL  SCALE  AND  I/L2  SCALE  MODELS 


AiS TRACT 

The  acrodyn.T-.lc  properties  of  the  !'■'  iiE  Shell  MLOl  no  determined  f re- 
Free  Flight  range  firings  of  the  fulL  scale  project L le  nr.'  accurate Ly  scaled  -oleic 
12,7  in  diameter  and  ov  ..localcd  rod  els  of  the  on,-,  c  ols.c  arc  prcoentel.  It  vac 
found  that  .at  supersonic  velocities,  the  aerc dynamic  character  1st ieo  are  similar 
for  the  -cdel  .an.l  the  full  oc.alo  projectile.  However,  at  Icwi'r  transonic  .and 
subsonic  velocities,  the  full  scale  data  .md  tlie  semlscal«*d  rode l  data  differ. 

The  .accurately  scaled  modoL  data  m ay  ;tl so  be*  ::o-.ewh.at  different  fro-  the  full 
scale-  lata,  but  the  li f ferences  are  considerably  small"!*  tl-.nn  the-  differences 
sh.own  by  the*  semi  scaled  model  data. 
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Magnus  moment  coefficient 


Damping  moment  coefficient 


a 
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Magnus  force  coefficient 


Damping  force  coefficient 
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(Reference  •♦) 


Standard  error 


Complex  yaw  (3  +  ia) 


Complex  cross  angular  velocity 


Air  density 


Turning  rates  of  yaw  arms 


FORWARD 


One  of  the  earliest  drag  and  stability  programs  fired  in  the  Free  Flight  ' 
Aerodynamics  Range  of  the  Ballistic  Research  Laboratories  vas  the  firing  of 
12.7-txi  models  of  the  155-mn  shell  M101  in  I9M.  These  firings  were  carried  out 
when  the  range  had  approximately  one-fourth  its  current  instrumentation.  When  the 
larger  range  facility,  the  Transonic  Range,  was  built  in  1951,  cr.e  of  the  early 
programs  of  the  facility  was  a  checkout  stability  and  drag  test  of  the  full  ccale 
155-mm  M101  shell.  One  objective  of  this  1951  Program  was  to  investigate  the  dif¬ 
ferences,  if  any,  that  would  appear  between  the  scaled  model  data  and  the  parent 
shell.  The  resultant  data  were  compared  and  a  preliminary  draft  of  the  report 
was  written  by  B.  G.  Karpov  and  L.  E.  Schmidt. 


The  aerodynamic  coefficients  for  the  scaled  model  and  the  full  scale  proto¬ 
type  showed  good  agreement  at  supersonic  velocities  but  substantial  disagreement 
at  subsonic  velocities.  It  was  realised  that  first,  the  models  were  r.ot  exactly 
scaled,  and  second,  they  also  differed  in  Reynold's  number  from  the  parent  shell. 
It  was  not  at  all  clear  which  of  these  differences  were  predominant  in  producing 
tire  disagreement  between  the  model  data  and  the  full  scale  data.  Hence,  the 
authors  withheld  the  report  and  both  hav-»  since  left  the  Free  Flight  Aerodynamics 
3 ranch. 


Over  the  ensuing  years,  a  number  of  additional  events  have  occurred  which 
shed  considerable  light  on  the  results  obtained  in  the  first  two  major  programs. 
First,  a  serious  effort  was  made  to  produce  and  launch  a  nearly  exact-scaled  model 
in  caliber  .*0  nine.  The  model  was  produced  with  a  scaled  pre  •rgrnv  i  band,  fuse 
wrench  slots,  fuse  retting  holes  and  bourrelets  (Figures  h  and  $)•  The  resulting 
model  had  to  be  rafcotod  (Figure  6)  and  launched  from  a  CO -mm  gun  as  a  subcaliber 
projectile.  Second,  a  small  amount  of  additional  data  were  obtained  for  ML01  and 
a  companion  hovltr.er  projectile,  ML07.  These  data  were  accumulated}  -  and  each  time 

the  ML01  shell  were  received'  from  o.tsile  agencies, 


oth 


:rot 


rid  more  refined  data  analysis  i eve Lo  cod ^ " 


to 


These  factors  shed  considerable  light  on  the  discrepancies  in  the  earlier 
data, and  it  seeded  advisable  to  issue  the  original  report  with  added  clarifica¬ 
tions. 

The  report  is  given  essentially  as  it  was  originally  written  with  the  excep¬ 
tion  of  those  parts  in  which  the  newer  data  have  clarified  the  discussion.  These 
sections  arc  denoted  by  [  ].  The  notation  has  also  been  changed  to  the  r.odern 

aerodynamic  form. 


INTRODUCTION 

It  is  frequently  convenient  or  even  necessary  to  study  the  aerodynamic  prop¬ 
erties  of  shell  by  means  of  model  firings.  Therefore,  the  effect  of  scaling  on  these 
properties  is  a  problem  of  considerable  importance.  Firings  of  the  155-mn  HE  shell 
M101  in  the  Ballistic  Research  Laboratories*  Large  Spark  Photography  Range"*  and  of 
its  12.7-mm  scale  model  on  the  Small  Range**  have  afforded  an  excellent  opportunity 
to  study  scale  effect.  The  Reynold's  numbers  based  on  overall  length,  were 

R  =  l^.S  x  10**M  for  the  full  scale  and  R  =  1. 3  x  10**M  for  the  model  where  M  is 
c  e 

the  Mach  number. 

The  V)rj-~r.  MiOl  program  consisted  of  firings  in  a  Mach  number  range  of  0.6  to 
Standard  l‘;5-mm  artillery  pieces  with  a  twist  of  one  turn  in  2p  calibers 
were  used.  For  this  program,  the  Large  Range  had  o  complement  of  2‘j  stations 
spread  over  6c0  feet  or  LJoO  calibers.  Considerable  difficulty  was  experienced  in 
measuring  the  angular  orientation  of  the  missile's  shadow  in  the  early  firings 
because  the  out-of-focus  direct  Image  of  the  missile  and  the  shadow  overlapped 
(see  Plates  1  through  10).  The  insertion  of  a  pin  in  the  middle  of  the  base  of 
the  projectile  remedied  this  situation  (Plate  ii).  The  model  program  also  con¬ 
sisted  of  firings  in  a  Mach  number  range  of  0.6  to  2.H.  The  models  were  fired 
with  two  different  center-of-mass  positions  (c.m.)  in  order  to  obtain  information 
about  the  r.s: — a  1 ,  Magnus,  and  damping  force  coefficients.  A  caliber  .  t  0  gur.  wi*h 

a  twist  of  or.o  turn  in  30  calibers  was  used.  (3lightiy  different  spin  imparted 

'  7 

by  the  two  guns  has  a  negligible  effect  on  the  aerodynamic  properties  .)  At  the 


esv  :  set  or  c.-. 


range  was 
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Aji  c x e i m tic n  oi*  “he  d  2.  o  a.  revealed  thno  cho  ooar.dJird  error  ir.  “he  yov-i’i- 
~he  re  : el 3  v.?::  npp  r  c  x  i *oa t e ly  O.CCid  rodi'ins  in  hhe  onperreni  o  rerl^n  b  t.c 


was  insensitive  to  changes  in  Mach  number.  This  is  probably  due  to  the  fact 
that  at  transonic  velocities  the  aerodynamic  coefficients  change  rapidly  (see 
graphs)  and  the  velocity  of  the  model  over  the  range  changes  by  about  0.06  Mach 
numbers,  while  the  full  scale  shell  undergoes  a  deceleration  of  only  0.01  Mach 
numbers.  The  yaw  equation  which  is  fitted  to  the  observed  data  assumes  constancy 
cf  the  coefficients.  Hence,  less  satisfactory  average  values  of  the  coefficients 
are  obtained  for  the  model  over  the  above  range  of  Mach  numbers  than  for  the  full 
scale  shell,  where  averaging  is  done  only  over  one-sixth  as  large  an  interval  of 
velocities. 

It  is  to  be  noted  that  the  155~"jn  M101  and  the  model  arc  not  geometrically 
similar  in  all  respects  (see  Figures  1,  2,  and  3).  The  thickness  of  the  rotating 
band  which  is  usually  difficult  to  scale  (the  rifling  grooves  of  guns  do  not  scale) 
has  been  scaled  accurately.  The  diameter  of  the  rotating  band  is  1.02  calibers 
in  both  cases.  To  compensate  for  such  relatively  shallow  band  on  the  model,  it 
was  made  about  twice  as  long.  Moreover,  the  fuse  details  were  omitted  on  the 
model,  thus  making  a  continuous  ogive  rather  than  a  distinct  break  in  the  curva¬ 
ture  at  the  junction  with  the  fuse  on  the  full  scale  shell.  Therefore,  to  approx¬ 
imate  the  complete  head  with  the  fuse  of  the  prototype,  thn  radius  of  ogive  of  the 
model  had  to  be  slightly  increased.  Moreover,  the  front  bourrelet  was  omitted  on 
the  model. 


[In  retrospect,  the  most  serious  discrepancy  between  the  full  scale  shell  and 
its  model  was  in  the  number  and  the  nature  cf  the  grooves  which.  w>-rc  cut  in  the 
rotating  band  by  the  respective  riflings.  The  full  scale  grooves,  were  relatively 
shallow  but  eight  times  more  numerous.  The  -xjrc  recent  mod'*  l  firings,  conducted 
la  1935  with  caliber  .‘.0  models,  were  accurately  scaled.  However,  these  required 
saboting  techniques  for  launching  from  a  20 -mm  gun  tube.  Tills  intricate  Launching 
system  yielded  yaw  levels  2  to  3  times.  Larger  than  the  '*nr  l  i-a*  model  and  full 
scale  tests,  .  thus,  introducing  another  variable.  The  exact  scale  model  tests,  v-  rr- 
conducted  in  the  Mach  number  region  from  0,7  tc  0.9  only, 
firings  were  made  predominately  in  the  M  C.S  region.] 


AERODYNAMIC  CHARACTERISTICS 

I.  Drag  Force  Coefficient 

The  drag  force  coefficient,  C^,  in  defined  by  the  relationship 

0  .  — i-°~. 

D  ,pdV 


where 

D  =>  drag  force 
o  a  air  density 
V  a  missile  velocity 
d  «  diameter. 

It  is  obtained  from  the  coefficients  of  a  cubic  equation  fitted  by  least  squares 

0 

to  the  time-distance  data  . 


Since  different  yaws  are  attained  by 

separate  the  yaw  and  the  Mach  number  effee 

C_,  with  M.  This  is  accomplished  for  the  s 

Cn  can  bo  expressed  as  a  linear  function  o 
1 / 


different  rounds,  it  is  necessary  to 
ts  in  order  to  study  the  variation  of 
upersente  projectiles  by  assuming  that 
f  yaw  squared  and  by  use  of  the  Q  fine 
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Leg  to  Q  by  the  least  squares  method  the  linear  relationship 
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[To  determine  the  approximate  shape  of  the  Cr,  versus  Mach  number  curve  in 

o  /  1  \ 

was  used 


the  transonic  and  subsonic  regions  of  velocity,  a  value  of 


for  CD  2  for  data.]  The  resulting  curve  showed  that  in  the  Mach  number  intervale 
of  O.58  -  O.65,  Op  was  a  constant  function  of  M, permitting  the  linear  function  in 
yaw  squared  to  be  fitted  to  it  directly.  Although  in  the  interval  of  0.99  -  1.C0 
CD  varied  so  rapidly  with  M  that  the  small  error  in  M,  about  0.5  per  cent,  com¬ 
pletely  clouded  tills  relationship  and  made  the  determination  of  a  different  CD  2 
impossible.  When  the  subsonic  value  of  CD  2  was  applied  to  the  transonic  data, 
it  made  them  fall  into  a  smooth  curve,  therefore,  the  same  value  of  C-^  2  va3  uccd 
to  compute  Cp  for  all  subsonic  and  transonic  data. 

The  resulting  sero  yaw  values  of  CD  ore  plotted  as  a  function  of  M  in 

o 

Figure  7.  /in  examination  of  the  plot  shows  that  CD  is  almost  identical  for  the 

o 

model  and  the  M10L  shell  for  a  Mach  number  of  0.90  *  M  2.90.  [At  . lower  Mach 
numbers,  the  drag  coefficient  of  the  model,  which  was  r.ot  perfectly  scaled,  is 
about  11  per  cent  higher  than  that  of  the  full  scale. 

The  exact  scale  model  data  can  be  faired  essentially  to  the  same  zero  drag 
value  as  the  prototype  rcar.i.  however,  due  to  the  long  extrapolation,  caused  by 
the  gross  differences  in  yaw  level,  the  actual  CD  intercept  of  the  exact  scale 
model  could  lie  anywhere  from,  the  of  the  parent  vehicle  to  3  per  cent  to 
9  rer  cent  above  it.  hence,  it  at 


irs  that  the  major  difference  between  the 


lata  from  the  original 


iels  and  those  from  the  prototype  is  due  to  geometric 

0  1 0 

difference,  rather  than  Reynold's  number  effects  . 1 
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p  =  air  density 
V  =  missile  velocity 
5  =  complex  yaw 
d  =  diameter 
N  «  normal  force 
M  =  overturning  moment. 

Cm  is  determined  from  the  swerving  motion  and  (for  the  semi  scaled  models 

"a  11 

only)  from  the  C.,^  versus  ccntcr-of-maos  relationship  .  An  analysis  of  these 

data  indicated  that  for  the  small  yaws  involved,  appeared  independent  of  yaw. 

CM  is  plotted  as  a  function  of  Mach  number  in  Figure  8.  The  curve  is  drawn  through 

a 

the  Cm  data  determined  from  the  model  C*,t  versus  ccnter-of -mass  data.  The  standard 

%  “a 

statistical  error  in  the  swerve  values  of  C,.  is  about  0.1},  and  the  data  show  no 

1  a 

significant  difference  in  the  values  of  C-,  1’cr  the  various  missiles  tested. 

‘•a 

The  center  of  pressure  of  the  normal  force  is  plotted  in  Figure  9»  Little 
difference  between  the  various  models  and  full  scale  projectiles  is  indicated 
except,  possibly,  at  subsonic  speeds. 

The  centcr-cf-mass  positions  of  both  types  of  ccmiscaled  modcLs  differed  from 

that  of  the  full  sral«»  projectile.  This  difference  necessitated  interpolating 

these  model  data  of  Cm  to  provide  a  reference  curve  for  comparison  with  the  full 

**or 

scale  data.  "0-1  the  data  and.  the  interpolated  curve  from  the  cemlscaled  models  for 

the  fuLL  scale  center  of  mass  (2. do  calibers  from  nose)  are  given  in  Figure  10.  Yaw 

effects  appear  negligible  withir.  the  scatter  of  data  and  r.o  distinct  difference 

!i;>r<>nrs  between  model  and  full  scale  projectiles.  Any  actual  difference  due  to 

H'.'vr.o Id 1  s  number  effects  or  small  geometrical  differences  are  apparently  smaLl 

•  •:-.*'!*!:  to  be  obscured  by  a  scatter  band  of  about  C.l  in  C,,  . 

•‘‘a 

as  hone!  that  t::«*  firings  of  exact  scale  models  would  acl’IuLtely  settle 
or.  of  ar.v  difference  between  model  and  full  scale.  Instead,  they  ir.tro- 
v  variable  via  yaw  levels  three  or  more  times  that  of  the  previous  tests. 


•.«  >  >  <•  5  f*  *  ra  ?  ” 
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These  can  be  considered  only  as  suggestive  since  in  most  cases  corrections 
(for  yaw  level,  center  of  mass,  or  Mach  number  differences)  several  tirr.es  the 
3ise  of  the  "observed"  differences  have  been  applied  to  permit  comparison. ) 


3.  The  Magnus  Force  and  Moment  Coefficients 

The  Magnus  force  coefficient  i3  defined  by 


and  the  Magnu3  moment  coefficient  by 


M 


Jtpd' 


where 


F  =  Magnus  force 
T  «  Magnus  moment 
p  =>  spin. 


Tire  Magnus  force’s  contribution  to  the  projectile's  swerving  motion  was  not 

* 

large  enough  to  furnish  reliable  data  for  the  rounds  under  consideration  .  As  a 
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of  this  plot  shows  that  In  the  supersonic  region,  for  the  accuracies  involved,  the 
M101  and  model  values  arc  not  significantly  different.  The  determination  of 
^and  also  of  (<^  +  **or  ^hc  M101  were  not  as  good  as  are  generally  obtained 

from  spark  range  teats  bccaucc  the  periodicity  of  the  yawing  motion  was  practically 
synchronous  with  the  spark  stations  group  spacing.  This  gave  the  fitting  process 
less  "leverage"  in  determining  the  damping. 

[The  difference  between  the  semlccaled  model  data  and  the  full  scale  M101 
data  at  subsonic  speeds  was  one  of  the  major  problems  in  the  original  analysis. 

The  scaled  model  data  and.  Inadvertently,  the  data  collected  on  the  M107  shell 
appear  to  clarify  the  matter. 

The  Magnus  moment  data  for  all  projectiles  tested  below  M  «  0.02  have  been 
replotted  in  Figure  13  as  a  function  of  Mach  number,  and  in  Figure  14  as  a  function 
Of  effective  yaw  level.  The  first  plot  shows  that  the  data  fall  into  two  distinct 
groupings;  the  second  chows  that  this  separation  is  not  apt  to  be  a  yaw  effect 
(unless  of  a  very  complicated  nature).  The  data  for  the  ncmlscaled  model  and  the 
full  scale  K107  group  at  a  value  of  %a°f  about  -0.5,  while  the  sealed  M101 
model  data  and  M101  data  yield  values  of  from  a  little  below  r.cro  to  0.2. 

The  lat^r  firings  of  the  M101,  M107,  and  scaled  MIDI  model  also  yielded  a  few 
values  of  Cjj  that  were  marginally  acceptable.  The  M107*s  had  values  of  about 
-0.7,  the  MLOl’a  and  the  scaled  models  gave  values  of  about  0.6.  The  sign  of 
for  the  M107  agrees  with  that  for  the  semi scaled  models.  These  rather  strange 
correlations  suggest  that,  ln-so-far  ua  Magnus  proportion  arc  concerned,  the  scml- 
S'-al-.-d  models  originally  fired  wore  "scaled"  M107  models  rather  than  "scaled"  M101 
models.  Since  the  Magnus  torque  coefficient  la  known  experimentally  to  be  sens l - 
tivo  to  rotating  band  position  ’  at  leant,  the  various  parameters  of  the  full 
scale  and  model  bands  were  compared.  In  only  one  respect  was  the  ML07  more 
closely  associated  with  the  semlscaled  model  than  with  the  M101.  Tills  was  in  the 
total  Lateral  area  of  the  rifling:  semlccaled  model  -  O.CU  square  caliber;  M1C7  - 
0.C6  square  caliber;  M101  -  0.12  square  calibers.  While  these  various  comparative 
agreements  and  disagreements  are  hardly  conclusive  with  such  limited  data,  they 
are  at  l-'-ast  suggestive. 

Tl:e  scaled  model  data  arc  significantly  above  that  of  the  fall  scale  '-'101  data 
but  in  view  of  the  large  differences  in  yaw  level  and  the  general  scatter  in  the 
■:ata.  it  would  be  difficult  to  clearly  assign  the  observed  variation  either 


to 


1.  Th«  ryflM  and  Moment  Coefficients 


Th“  damping  force  oonf f iclcnto  are  defined  by: 


”l  itpdVu  +  ir$ 


fu  npdV(&  +  ia)^ 


*uvl  i!i«  dumping  “wnent  coefficients  by: 


*<1  jtpdH^q  +  ir)^ 


Hi  «pdV(0  +  ia)^ 

vhD!‘9  3  nr- 1  are  the  damping  forces  due  to  angular  velocity,  q,  and  rate  of 
''bung®  of  angle  of  attack,  a,  respectively;  and  If^  are  the  respective  damptng 
-^mentsi,  tin  free  flight  teste,  these  coefficients  arc  obtained  only  In  combination, 

*  «Si)  «•*  (%  ‘  %)  '• 

The  damping  force  coefficient  was  obtained  only  for  the  semi sea led  model  by 
using  the  damping  moment  coefficients  versus  centcr-of-mnon  rcLntionn.  Tlie  results 
are  Listed  below  for  the  centor-of-maos  position  of  the  ML01. 

PAMrrco  force  coefficieots  for  sfniscaled  models 


[  C,,  ♦  C  J  at  *1.96  Cal, 

\  q  a  /  from  rose 


r.J  111'.  -  !  vuLu-u:  • 


msment  :':'i '.•L-.-r.ts  versus  Mach  number  are  plotted  In  V; 

led  models,  and  in  Figure  is  for  the  full  scale  project lies.  In ter - 
the  semi  scaled  model  data  are  also  given  in  Figure  id .  Cupercon- 
L  flaunt  differences  appear  but  at  transonic  and  subsonic  velocities 
:  . . -  subsonic  lata  as  a  function  of  Mach  number  are  shewn 


In  the  case  of  the  damping  coefficients,  one  con  cay  that  the  data  fall  in 
cither  two  or  three  groups.  It  is  clear  that  the  ocml scaled  model  data  lio  at 
a  level  of  about  (\  +  (V  J  1  (dcctabl lining)  while  the  full  ncnlo  MiOl  and 
M107  have  a  value  of* about  -9  (stabilising).  The  actual  data  from  the  ecaled 
models  have  a  value  of  about  - U.5  and  would  require  large  yaw  effect  corrections 
to  agree  with  the  full  scale  dots.  Thus,  the  most  probable  situation  ia  thins 
the  bond  differences  between  the  full  scale  M101  and  M107  do  not  affect  the  damping 
coefficients;  the  l/12-scale  model  data  probably  chow  a  Reynold’s  number  effect  in 
comparison  with  the  full  scale  data,  but  the  decrease  In  stability  indicated  could 
be  anywhere  between  about  10  per  cent  to  5 0  per  Cent  depending  on  the  magnitude 
of  the  yaw  corrections  one  is  willing  to  assume;  the  particular  combination  of 
geometric  differences  and  scale  change  associated  with  the  1/12-alse  senlscaled 
models  produced  a  very  largo  change  in  the  damping  derivatives,  the  extent  Of 
which  is  about  1^0  per  cent  in  a  destabilising  direction. 

There  is  one  further  point  of  similarity  between  the  exact  scale  model  and 
the  bigger  shell,  and  the  difference  between  the  two  types  of  models  that  may,  or 
may  not,  be  rcLcvant.  At  low  speeds  the  smooth-nond  semi  scaled  models  had  laminar 
boundary  layer  flow  to  the  leading  edge  of  the  band;  then  the  boundary  layer  became 
quite  thick.  The  full  scale  projectiles  undoubtedly  had  turbulent  flow  oft  of 
the  fuze,  while  the  combination  of  high  yaw  and  the  scald  fuze  aLso  promoted 
early  transition  for  the  exact  scaled  models.  Similar  now  conditions  prevailed 
on  the  cemlscalcd  maids  at  'vupcrsonic  sped 0;  but  band  and  flew  transition  effects 
on  the  aerodynamic  forces  on  the  bouttail  could  be  less  serious  under  the  latter 
conditions.  •  . 


Flow  shadowgraphs  of  the  full  scale  find  model  projectiles  at  various  Mach 
numbers  are  given  in  PLates  1  *  10.  In  view  oi  mthe  general  disagreement  01  the 
moment  data  of  the  semi scaled  models  with  the  other  configurations,  the  force  data 
tV0.  th'"*  sf'miscai'-i  model  creels  rot  apply  to  the  i  ill  scale  at  ,’.acn  r  ....her .1  le^s 
than  about  1.2.3 


-i  p.,1  '  ' 


f  the  y.-iw  caused  by  the  initial  conditions 
;oes  not  increase.  It  is  shown""*  that  the  conditions  for  a  statically  unstable 
missile  traveling  in  a  flat  trajectory  to  be  dynamically  stable  are: 


C.V 


(a)  h 


>  0 


where 


(b) 


2l/p2 


0  <  o,  <  2 
a 


1  t.  axial  moment  of  inertia 
I  «  transverse  moment  of  inertia 

p  -  ^  (S) 


p  =  air  density 
d  b  diameter 
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”";Lj  :r.«-uns  that  If  h  >  0  or  if  a  1.;  onto  Mu  the  Interval  of  oero  to  two,  then 
the  -.odel  cannot  be  made  stable  without  changing  its  physical  characteristics; 
l.o.,  the  center  of  mass  or  the  radii  of  gy ration.  If  0  <  n .  <  2  and  h  >  0, 
then  by  riving  a  shell  sufficient  spin  it  can  be  made  stable.  This  can  be  seen 
from  condition  (b)  and  the  definition  of  s. 

:;0  direct  comparison  of  the  dynamic  stability  properties  of  the  shell  and 
model  can  be  made  because  they  do  not  have  the  same  radii  of  gyration  and  center 
of  mass.  It  is  possible,  however,  to  obtain  the  aerodynamic  coefficients,  and 


h  find  for  a  model  which  io  homologous  with  the  M101  from  a  consideration  of 
the  model  data.  This  involves  obtaining  model  values  of  +  C and  CV,^ 
tit  the  shell  center  of  mass  by  means  of  a  shifted  center  of  mass  relation- 


homo  lo- 


1^  15  /  \ 

ship  '  y  and  then  using  these  shifted  values  oi  +•  j  f  along  with 

an(l  Cjj,  which  are  independent  of  center  of  mass,  with  tne  kj  of  the  homolo¬ 
gous  model  to  compute  h  and  o^. 

In  the  subsonic  region  (from  M  *  O.65  to  the  lowest  Mach  number  of  the  program, 
-  0.6)  h  of  the  model  is  negative  and  since  this  violates  Condition  (a)  that  h 
be  positive,  the  model  Cannot  be  stabilized  by  increasing  spin.  In  this  region  0^ 
is  a  large  positive  number.  With  an  increase  in  Mach  number,  h  becomes  positive 
but  is  less  than  zero  up  to  about  M  =  0.93  (see  Figure  19) •  This  means  that 
Condition  (b),  0  <  <  2,  is  violated  go  that  the  model  again  cannot  be  stabilized 

by  Increasing  spin.  The  remains  within  the  Interval  between  zero  and  two  above 
M  -  0.93,  but  between  a  Mach  number  of  0.95  and  1.0,  Cj  is  close  to  two,  so  to 
stabilize  the  model  by  increasing  spin  within  this  range  would  be  very  difficult  or 
Impossible  (sec  Condition  (b)).  At  supersonic  speeds,  the  model  is  completely 
stable  if  c  >  1. 

The  195-mm  M101  shell  Is  also  dynamically  unstable  In  the  subsonic  and  tran¬ 
sonic  region  at  the  muzzle  cpln  of  1/25.  However,  the  rate  of  divergence  In  small 
and  Is  between  zero  and  two;  so  as  the  effective  spin  Increases  along  the  tra¬ 
jectory,  it  should  rapid Ly  become  dynamically  stable.  The  change  in  sign  of  Cj^ 
for  the  M107  shell  decreases  Its  dynamic  stability  relative  to  the  MIOL,  and  It 
would  require  more  time  along  the  trajectory  to  stabilize.  The  MIOL  and  undoubtedly 
the  M107  are  dynamically  stable  If  they  are  gyroaeoplcally  stable  at  above  transonic 
speeds. 

(Although  the  present  data  do  not,  In  themselves,  establish  a  particular  trend 

>f  dynamic  stability  changes  vlth  yaw  level;  a  similar  projectile,  the  105 -mm  Ml, 

was  dynamically  unstab  Le  sub  sonic  ally  for  small  yaws  and  became  stable  at  higher 
s 

yaw  l-.-vels  .  Secaur.e  of  the  general  similarity  in  shape  and  size,  one  might  expect 
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CONCLUSIONS 


The  small  geometric  differences  between  the  GemlGcaled  12. 7*mm  model  and  the 
full  scale  155-nm  M10L  appeared  to  mnKo  little  difference  at  supersonic  velocities; 
thut  1 3,  aerodynamic  data  derived  from  the  acmioenLed  model rt  and  the  full  Beale 
projectiles  were  essentially  the  name.  At  cub sonic  velocities  however,  data  from 
the  Gemlncalcd  model  differed  significantly  from  the  data  of  the  full  scale  pro¬ 
jectile  except  In  the  cnee  of  normal  force  and  center  of  proSrture.  Tile  drag  force 
and  the  Magnus  and  damping  moment  Were  olgnlf ieantly  different  at  the  lower  speed 
ranges.  [Additional  data  obtalne<l  from  limited  firings  of  exact  scaled  caliber  .'jO 
models  and  firings  of  the  l55“5ssi  M107  shell,  which  differs  from  the  MlOl  only  in 
the  rotating  band,  suggests  that  in  the  case  of  the  drag  force  the  effects  of 
Imperfect  scaling  are  probably  the  predominant  factor  although  One  would  expect 
also  a  difference  due  to  Reynold’s  number  effects.  With  regard  to  tno  Magnus 
moment  it  would  appear  that  the  original  Scmiscalcd  models  were  more  nearly  sealed 
models  of  the  ML07  shell  than  the  M1.01  shell  and  that  the  hand  characteristics 
affect  the  Magnus  moment  fairly  strongly  at  the  subsonic  speed.  In  the  case  of 
the  damping  moment,  the  lack  of  agreement  would  appear  to  be  primarily  du*»  to  the 
failure  to  scale.  Hence,  It  would  seem  that  reasonable  co-promises  in  sealing 
can  be  accepted  at  supersonic  velocities,  but  that  at  subsonic  and  transonic  veloc¬ 
ities,  particularly  wh^n  the  damping  or  Magnus  momenta  are  relevant,  failure  to 
scale  as  closely  as  possible  can  yield  v«*ry  signif Icantly  different  aerodynamic 
data.  While  the  data  from  the  exact  scale  models  are  such  that  they  do  not  preclude 
the  existence  of  a  significant  Reynold's  number  effects  In  the  drag,  the  Magnus 
and  the  damping  properties,  they  .appear  to  indicate  that  at  least  the  effects  are 
smaller  th.au  those  due  to  the  geometric  differences  in  the  r.e-.  I  sealed  models  of  the 
original  program. ] 
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APPENDIX  I 

LINEAR  AERODYNAMIC  FORCES 

The  basic  aerodynamic  force  ay stem  makes  uno  of  an  X?2  coordinate  system  for 
which  the  X  axis  lo  along  the  missile's  axis  of  symmetry,  the  2  axis  points  down 
and  the  Y  axlo  la  determined  by  the  right-hand  rule.  The  angle  of  attack,  3,  lo 
the  angle  between  the  missile's  axlo  and  the  projection  of  the  velocity  vector  on 
the  XZ  plane  while  the  angle  of  sideslip,  p,  in  the  angle  between  the  missile's 
axlo  and  the  velocity  vector's  projection  on  the  XY  plane.  Positive  angle  of 
attack  occur o  for  mlonile's  nose-up;  positive  oidenllp  for  missile's  none-left  no 
viewed  from  behind. 

For  a  linear  dependence  of  the  tranovcroc  force  and  moment  On  angles  and 
angular  velocity,  the  mcaoureable  termo  are  defined  by  the  expansions: 


p-  t  iF*- 
i  11 Z 


(l/C)pV*-S  '  -  Cf{  ♦  i(y“ fal  I  »  “  w  “  ^J|.  » 

L  a  I«J  1  a 

v  V 

^  +  lM^  *=  (l/2)pV"l>/  ’  +  Si  11  lSl-  ^ 

L  }«  nJ  <1  «  „ 


These  eipuittons  define  the  aerodynamic  coefficients  as  part  of  the  expansion  of 
linear  transverse  force  and  moment.  Those  expansions  also  unambiguously  define 
direction  of  the  force  and  moment  for  i>osltl'/o  coefficients.  A  consideration  of 
the  definition  of  the  components  of  angular  velocity,  force  an<l  moment  yield  the 
following  directions  for  the  force  and  moment  terms: 
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e  Cm  yields 

a  normal  force  in  the  direction  of  the  total 

angle  of  attack. 
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velocity  n. 
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0  C,,.  yields 

a  moment  which  Increases  the  .nsten  iy  ar.s-ilar 

velocity  V  . 

In  this  report  1,  Is  the  maximum  body  diameter,  d,  and  3  is  the 


APPENDIX  II 

Discussion  OF  TABLES  AND  GRAPHS 


The  average  physical  propertied  of  the  projectile  types  are  given  In  Table  I. 
Table  II  Included  the  aerodynamic  coefficients  and  other  aero<!ymmic  propertlea  of 
the  155-mm  H101  prototype,  and  Table  III  gives  the  data  on  the  155-mm  H107.  Th<» 
aerodynamic  coefficients  of  the  semises  led  models  are  given  In  Table  IV,  and  tits 
exact  scaled  models  In  Table  V. 


The  numbering  system  Is  devised  so  that  the  projectiles  of  the  five  types 
are  numbered  In  order  of  increasing  Mach  number  with  the  firing  round  number  pre¬ 
ceding. 


In  Table  I,  the  k*  are  the  axial  and  transverse  radii  of  gyration  in  Calibers. 
Tile  mean  squared  yaw  in  square  degrees  is  6^.  The  damping  rates,  are  in  units 
of  per  caliber  while  the  turning  rates  are  in  radirrsper  caliber.  The  dynamic 
stability  factor  is  s^,  and  s  is  the  gyroscopic  stability  factor.  N  is  the  number 
of  ynv  stations  and  N^,  the  number  of  timing  stations.  Only  average  statistical 
errors  for  the  various  rounds  arc  given  because  under  similar  conditions  the  errors 
are  almost  the  same. 


Certain  criteria  were  employed  to  determine  whether  the  various  coefficients 
of  the  different  rounds  were  of  acceptable  quality.  vas  considered  acceptable 
if  il_  vas  at  least  five.  If  N  was  at  least  It,  then  C,,  was  accepted  if  Kl  W  r»rr* 

■  vl  j  I 

Larger  titan  O.COfi,  and  Cy  ♦  C and  Cv  were  accepted  if  |K.|  w».u  >t  larger  than 

*  *  \m  *  *1^  * 

0.012.  was  acceptable  if  U  Was  at  least  It  ar.d  if  (S^)  was  at  leant  O.Co  inch 

for  the  models  and  O.Ot  foot  for  the  prototype.  In  addition,  the  coefficients  b_ud 
to  fulfill  the  requirement  that  their  statistical  errors  be  less  than  twice  the 
average  error. 


A  comparison  of  the  flow  patterns  of  the  ML01  and 


*  V-  . »  —  r 


•l  is  given  by  means 


of  the  spark  photographs  in  Plates  l  to  10.  An  examination  of  these  plates  shews 
that  differences  in  the  flow  patterns  arise  due  to  the  g-.-cn-.-tri cal  differences, 
and  it  appears  that  if  the  shapes  were  similar,  the  flew  patterns  would  be  also. 
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AMtODVNAMIG  PnOPERTIEfl  Of  THE  1';>MM  MIOl  PHOTOTYPE 


ltd 

No, 

9 11  l0’Gir) 

H x  l0‘(^) 

Jl 

A 

0 66 

1,02 

06? 

1070 

.8?) 

,205 

.92 

1,69 

1079 

.509 

,106 

.79 

1,72 

992 

,166 

.06? 

.69 

U93 

064 

C69 

1799 

.294 

.141 

.00 

1,74 

06) 

062 

2.00 

1562 

.  194 

.052 

,60 

2.00 

1-/A 

,224 

.090 

.72 

2.00 

1060 

1.99 

1106 

060 

061 

L0OO 

.165 

.104 

1.04 

1.99 

1001 

,22) 

.000 

.6? 

2.12 

<bo 

2.09 

1002 

.2)6 

.120 

.01 

2.06 

990 

,209 

.  bi 

2.0*) 

10X3) 

.  l<-9 

.  179 

1.00) 

2.0) 

991 

,240 

.220 

1.02 

2.05 

1127 

.  127 

.112 

.99 

2.07 

909 

1102 

UOL 

199'-' 

.212 

.  100 

.70 

2.2‘) 

L7>7 

.  L0‘| 

.009 

.76  ~ 

2 , 22 

lV)1} 

.109 

.10) 

.77 

•V7 

t-  t  ^  { 

)  ' 


TA1U.N  It  (tfonbM) 

mommio  rnonatriwi  or  kioi  cjou, 


Av*i*M*  Turnlhtt  K*4#i  *b  MM-ftw** 


0[(rmt/o*l)  ^(rtd/ofcl) 


.63 

,088 

.004 

M 

,084 

.003 

.98 

,084 

.006 

1,00 

,084 

.003 

1,10 

.088 

.004 

1.50 

,088 

.004 

8,00 

,088 

.004 

^  4  ,86  fftd/esl 

Average 

* 

BUbistleal  Errors 

€Ow^i*va  gYnv 

( <'nl )  (l'H'1) 

cn 

^  % 
tt  (1 

\  *  v) 

.016  .008 

.0015 

.10  .10 

2.9 

.10 

TAUUS  m 

AKHOOYNAMIC  COKmCIBffO  OF  Tin?  M107  OJIELT. 


M 

No. 

M 

IT 

fn 

_J2 

Cm 

Jk 

5la 

4816 

:Y84 

1.9 

.1579 

5.84 

1.6L 

*  •  56 

4010 

.786 

6.4 

.  1477 

5.91 

1.62 

-  9.7 

» .  56 

1.819 

.791 

2.5 

.1415 

5.74 

1.97 

-  9.9 

-.58 

'Overvu 

(^l) 

.012 


fcYatf 
( I2ll ) 
,002 


Average  Statist  Leal  Errors 


.0010  .05  .08  2.0 


.18 


* 


coefficients  or  LensL  squires  fits. 
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TABLE  IV 

AMtoDtNAMid  conricinmi  or  urn  oimiooalbd  model 
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AKRODYNAMIG  COKTJ'ICIKNTO  OT  Til*  MHIBCALH)  MOUKL 
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TABU  IV  (Cont*d) 

AlftOOTBAMIO  COWrXOIBfTO  OT  TJ«  WUOOAL®  MOO 8. 
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|2.7-mm  MODEL 


NOTE’ ALL  DIMENSIONS  ARE  IN  CALIBERS 


FIGURE  2.  SEMISCALED  MODEL 


FIGURE  5.  EXACT  SCALED  MODEL 


FIGURE  6.  EXACT  SCALED  MODEL  AND  SABOT 
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